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We derive the work cost of using generalized thermal baths from the physical equivalence of
quantum mechanics under unitary transformations. We demonstrate our method by considering a
qubit extracting work from a single bath to amplify a cavity field. There, we find that only half of
the work investment is converted into useful output, the rest being wasted as heat. These findings
establish the method as a promising tool for studying quantum resources within the framework of
classical thermodynamics.
Introduction.– Thermodynamics governs the task of
converting heat into useful work. In the classical for-
mulation of the theory, the source of heat is a thermal
bath, which corresponds to the available source of disor-
dered energy from which pioneers aimed to manufacture
ice [1] and set trains into motion [2].
In recent years, quantum thermodynamics has
emerged as a promising counterpart for heat machines
operating in the quantum regime. A natural motivation
for this line of research is the unprecedented miniatur-
ization of devices to the scale of a few atoms, where they
inevitably leave the realm of classical physics. An even
greater promise is the search for quantum effects which,
when properly harnessed, would grant access to a more
efficient use of energy as compared to what classical ther-
modynamics allows.
A significant step has been made in this direction by
using generalized thermal baths as quantum fuel. These
resources equilibrate the working medium they power
to a unitarily-transformed thermal state. Theoretical
predictions and experimental realizations have demon-
strated that they allow to outperform the Carnot bound
formulated in terms of the underlying thermal state [3, 4],
to induce an absorption refrigerator to operate for tem-
peratures that would lead to heating [5, 6], or even to ex-
tract work from a single bath [4, 7]. While these achieve-
ments would appear at first sight to violate the laws of
thermodynamics, it is crucial to note that the present
studies have all been carried out without accounting for
the overhead expense of working with generalized ther-
mal baths [8]. The question addressed, and positively
answered, was thus whether such resources would be of
any use, were they to be freely available.
Coming back to the primary aim of a better heat con-
version with quantum machines, there remains the fun-
damental question of whether these resources are worth
the money. In this work, we identify the work cost of em-
ploying any generalized thermal bath by exploiting the
physical equivalence of quantum mechanics under uni-
tary transforms. In other words, we perform a change of
coordinates that reveals the work that is to be supplied
on top of the heat exchange to engineer the coupling to
the out-of-equilibrium bath of interest. The method is
illustrated on an elementary heat engine that amplifies
the field of a cavity out of a single bath. There, while
the possibility of extracting work without the need for a
second bath seems to provide a clear advantage, we find
that the associated work investment actually exceeds the
achieved amplification, with half of it being wasted by
the heat machine.
Unitary equivalence.– The existence of a unitary trans-
formation relating two seemingly different theories is the
essence of the Stone-von Neumann theorem, which es-
tablished that wave and matrix mechanics are equivalent
formulations of quantum mechanics [9]. There the uni-
tary is the evolution operator which implements a time
translation, providing the change of coordinates that re-
lates the representations to one another. Here, for an ar-
bitrary working medium coupled to a generalized thermal
bath, we aim to identify the representation in which the
bath is thermal and thus only exchanges heat. Any ad-
ditional energy exchange of hamiltonian origin will then
be readily accounted for as work.
A generic working medium consists of an isolated quan-
tum system with free Hamiltonian Hˆsys. When powered
by a weakly-coupled thermal bath at temperature T , the
state of the system thermalizes according to the master
equation dρˆ/dt = −i[Hˆsys, ρˆ]/~ + LT [ρˆ], where LT is a
superoperator of Lindblad form representing the dissipa-
tive coupling [10]. Specifically, its fixed point LT [ρˆT ] = 0
is the thermal state ρˆT = e
−Hˆsys/kBT /Z, with the parti-
tion function Z = Tr[e−Hˆsys/kBT ] ensuring that the state
is normalized. Now a generalized thermal bath is a vari-
ant of this situation where the system equilibriates to
ρˆU,T = Uˆ ρˆT Uˆ
† with Uˆ any time-independent unitary of
interest for the task at hand. The form of the dissipative
coupling is thus obtained by applying the unitary trans-
formation ρˆ→ Uˆ ρˆUˆ†, yielding LU,T [ρˆ] = UˆLT [Uˆ†ρˆUˆ ]Uˆ†.
A squeezed or a displaced thermal bath would for in-
stance correspond to Uˆ being respectively the squeezing
or displacement operator [11].
Before we proceed any further, note that this equilib-
riation takes place in the interaction picture. Indeed, if
we were to simply replace LT [ρˆ] by LU,T [ρˆ] in the lab-
oratory frame, the free Hamiltonian Hˆsys would wash
out any attempt of the weakly-coupled bath to gener-
ate coherence in the basis of the energy eigenstates [12].
The coupling of our working medium to a generalized
thermal bath is thus described by the master equa-
tion dρˆ/dt = −i[Hˆsys, ρˆ]/~ + L(t)U,T [ρˆ] where L(t)U,T [ρˆ] =
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2Uˆ (t)LT [Uˆ (t)†ρˆUˆ (t)]Uˆ (t)† and the unitary is given by
Uˆ (t) = e−iHˆsyst/~UˆeiHˆsyst/~. (1)
It is in general time dependent, unless Uˆ is a symmetry of
the system [Uˆ , Hˆsys] = 0 and the resource is then trivially
thermal ρˆU,T = ρˆT .
Equation (1) will be the main ingredient for obtaining
the work cost we are after. However, for now, it actually
establishes that no extra cost is to be paid if one is solely
aiming for a working medium being coupled to a general-
ized thermal bath. Indeed, it is then sufficient to rely on
a standard thermal bath providing only heat and to make
use of the unitary equivalence under the change of coordi-
nates ρˆ→ Uˆ (t)ρˆUˆ (t)†. This first result highlights that we
are not characterizing the process of creating and main-
taining the out-of-equilibrium infinite-dimensional bath
itself. Instead, our method assesses the operational cost
of coupling to such a bath given that we have a ther-
mal bath at hand. This is similar to the experimental
reality where the dissipative coupling is engineered by
acting onto the system, typically with the help of a laser
drive [13, 14], without modifying the bath.
Work cost.– Surely generalized thermal baths have
been shown to provide a competitive advantage when
used to power quantum machines. For instance, a
squeezed thermal bath employed in turn of a thermal
bath increases the average energy of the working medium
without changing its entropy [15], improving the perfor-
mance [3]. Even more compelling is the possibility of ex-
tracting work from a single bath [7]. The key point here
is that the benefits of the transformed bath are reaped
when the working medium is used to extract work, that
is when it interacts via some Hamiltonian Vˆ with an ex-
ternal system onto which it exerts work. In that case,
the unitary equivalence to a thermal bath reads
dρˆ
dt
= − i
~
[
Hˆsys + Hˆext + Vˆ , ρˆ
]
+ L(t)U,T [ρˆ] →
dρˆ
dt
= − i
~
[
Hˆsys + Hˆext + Uˆ
(t)†Vˆ Uˆ (t), ρˆ
]
+ LT [ρˆ] , (2)
Uˆ (t)
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FIG. 1. Diagram of the unitary transformation (2). The
generalized thermal bath is mapped to a thermal bath at the
original temperature T . The latter exchanges only heat with
the working medium, while an additional work source is re-
quired to mediate the coupling to the external system.
where Hˆext is the free Hamiltonian of the external system.
As illustrated in Fig. 1, this implies that for the change
of coordinates to map the two physical situations, one is
required to supply the work power
dWcost
dt
= Tr
[
∂t
(
Uˆ (t)†Vˆ Uˆ (t)
)
ρˆ
]
, (3)
on top of the thermal channel.
Amplifier.– The work cost identified in Eq. (3) is de-
rived for any generalized thermal bath powering any
quantum machine. We will now focus on a concrete ex-
ample to demonstrate how it can be easily computed to
assess the return on work investment. Specifically, we
consider the task of amplifying light, for which an elemen-
tary quantum heat machine was devised 60 years ago [16].
It consists of a three-level system shown in Fig. 2(a) with
each transition being respectively coupled to a hot bath,
a cold bath, and the light mode to be amplified. Remark-
ably, this machine can reach Carnot efficiency, which is
the maximum classical thermodynamics allows in terms
of heat conversion. Yet, we will modernize its design to
run on a single generalized thermal bath, aiming for a
hot bath<latexit sha1_base64="V2EgHGY6+jACO182BuDH9RG9cNY=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040aoYB9QiyTptA3Ni5mJUKtLf8Ct/ pf4B/oX3hmnoBbRCUnOnHvOnbn3+lkUCuk4rwVrYXFpeaW4Wlpb39jcKm/vtESa84A1gzRKecf3BIvChDVlKCPWyTjzYj9ibX98quLtG8ZFmCaXcpKxXuwNk3AQBp4kqjNKpe17cnRdrjhVRy97HrgGVGBWIy2/4Ap9pAiQIwZDAkk4ggdBTxcuHGTE9TAljhMKdZzhHiXy5qRipPCIHdN3SLuuYRPaq5xCuwM6JaKXk9PGA XlS0nHC6jRbx3OdWbG/5Z7qnOpuE/r7JldMrMSI2L98M+V/faoWiQGOdQ0h1ZRpRlUXmCy57oq6uf2lKkkZMuIU7lOcEw60c9ZnW3uErl311tPxN61UrNoHRpvjXd2SBuz+HOc8aNWqrlN1L2qV+okZdRF72MchzfMIdZyhgaae4yOe8GydW8K6te4+pVbBeHbxbVkPH5ihklM=</latexit><latexit sha1_base64="V2EgHGY6+jACO182BuDH9RG9cNY=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040aoYB9QiyTptA3Ni5mJUKtLf8Ct/ pf4B/oX3hmnoBbRCUnOnHvOnbn3+lkUCuk4rwVrYXFpeaW4Wlpb39jcKm/vtESa84A1gzRKecf3BIvChDVlKCPWyTjzYj9ibX98quLtG8ZFmCaXcpKxXuwNk3AQBp4kqjNKpe17cnRdrjhVRy97HrgGVGBWIy2/4Ap9pAiQIwZDAkk4ggdBTxcuHGTE9TAljhMKdZzhHiXy5qRipPCIHdN3SLuuYRPaq5xCuwM6JaKXk9PGA XlS0nHC6jRbx3OdWbG/5Z7qnOpuE/r7JldMrMSI2L98M+V/faoWiQGOdQ0h1ZRpRlUXmCy57oq6uf2lKkkZMuIU7lOcEw60c9ZnW3uErl311tPxN61UrNoHRpvjXd2SBuz+HOc8aNWqrlN1L2qV+okZdRF72MchzfMIdZyhgaae4yOe8GydW8K6te4+pVbBeHbxbVkPH5ihklM=</latexit><latexit sha1_base64="V2EgHGY6+jACO182BuDH9RG9cNY=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040aoYB9QiyTptA3Ni5mJUKtLf8Ct/ pf4B/oX3hmnoBbRCUnOnHvOnbn3+lkUCuk4rwVrYXFpeaW4Wlpb39jcKm/vtESa84A1gzRKecf3BIvChDVlKCPWyTjzYj9ibX98quLtG8ZFmCaXcpKxXuwNk3AQBp4kqjNKpe17cnRdrjhVRy97HrgGVGBWIy2/4Ap9pAiQIwZDAkk4ggdBTxcuHGTE9TAljhMKdZzhHiXy5qRipPCIHdN3SLuuYRPaq5xCuwM6JaKXk9PGA XlS0nHC6jRbx3OdWbG/5Z7qnOpuE/r7JldMrMSI2L98M+V/faoWiQGOdQ0h1ZRpRlUXmCy57oq6uf2lKkkZMuIU7lOcEw60c9ZnW3uErl311tPxN61UrNoHRpvjXd2SBuz+HOc8aNWqrlN1L2qV+okZdRF72MchzfMIdZyhgaae4yOe8GydW8K6te4+pVbBeHbxbVkPH5ihklM=</latexit><latexit sha1_base64="V2EgHGY6+jACO182BuDH9RG9cNY=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040aoYB9QiyTptA3Ni5mJUKtLf8Ct/ pf4B/oX3hmnoBbRCUnOnHvOnbn3+lkUCuk4rwVrYXFpeaW4Wlpb39jcKm/vtESa84A1gzRKecf3BIvChDVlKCPWyTjzYj9ibX98quLtG8ZFmCaXcpKxXuwNk3AQBp4kqjNKpe17cnRdrjhVRy97HrgGVGBWIy2/4Ap9pAiQIwZDAkk4ggdBTxcuHGTE9TAljhMKdZzhHiXy5qRipPCIHdN3SLuuYRPaq5xCuwM6JaKXk9PGA XlS0nHC6jRbx3OdWbG/5Z7qnOpuE/r7JldMrMSI2L98M+V/faoWiQGOdQ0h1ZRpRlUXmCy57oq6uf2lKkkZMuIU7lOcEw60c9ZnW3uErl311tPxN61UrNoHRpvjXd2SBuz+HOc8aNWqrlN1L2qV+okZdRF72MchzfMIdZyhgaae4yOe8GydW8K6te4+pVbBeHbxbVkPH5ihklM=</latexit>
cold bath<latexit sha1_base64="ChAxWlbd1YPKjZ2jf9Li+7U+0o0=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040oq2IfUIpPptA3Ni2QilNKtP+BWv 0v8A/0L74xTUIvohCRnzr3nzNx7vSTwM+k4rwVraXllda24XtrY3NreKe/utbI4T7lo8jiI047HMhH4kWhKXwaik6SChV4g2t74XMXb9yLN/Di6lpNE9EI2jPyBz5kk6oYM+rbH5OiuXHGqjl72InANqMCsRlx+wS36iMGRI4RABEk4AENGTxcuHCTE9TAlLiXk67jADCXS5pQlKIMRO6bvkHZdw0a0V56ZVnM6JaA3JaWNI9L ElJcSVqfZOp5rZ8X+5j3VnupuE/p7xiskVmJE7F+6eeZ/daoWiQFOdQ0+1ZRoRlXHjUuuu6Jubn+pSpJDQpzCfYqnhLlWzvtsa02ma1e9ZTr+pjMVq/bc5OZ4V7ekAbs/x7kIWrWq61Tdq1qlfmZGXcQBDnFM8zxBHRdooEneIR7xhGfr0pLW1Jp9ploFo9nHt2U9fACQBZK0</latexit><latexit sha1_base64="ChAxWlbd1YPKjZ2jf9Li+7U+0o0=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040oq2IfUIpPptA3Ni2QilNKtP+BWv 0v8A/0L74xTUIvohCRnzr3nzNx7vSTwM+k4rwVraXllda24XtrY3NreKe/utbI4T7lo8jiI047HMhH4kWhKXwaik6SChV4g2t74XMXb9yLN/Di6lpNE9EI2jPyBz5kk6oYM+rbH5OiuXHGqjl72InANqMCsRlx+wS36iMGRI4RABEk4AENGTxcuHCTE9TAlLiXk67jADCXS5pQlKIMRO6bvkHZdw0a0V56ZVnM6JaA3JaWNI9L ElJcSVqfZOp5rZ8X+5j3VnupuE/p7xiskVmJE7F+6eeZ/daoWiQFOdQ0+1ZRoRlXHjUuuu6Jubn+pSpJDQpzCfYqnhLlWzvtsa02ma1e9ZTr+pjMVq/bc5OZ4V7ekAbs/x7kIWrWq61Tdq1qlfmZGXcQBDnFM8zxBHRdooEneIR7xhGfr0pLW1Jp9ploFo9nHt2U9fACQBZK0</latexit><latexit sha1_base64="ChAxWlbd1YPKjZ2jf9Li+7U+0o0=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040oq2IfUIpPptA3Ni2QilNKtP+BWv 0v8A/0L74xTUIvohCRnzr3nzNx7vSTwM+k4rwVraXllda24XtrY3NreKe/utbI4T7lo8jiI047HMhH4kWhKXwaik6SChV4g2t74XMXb9yLN/Di6lpNE9EI2jPyBz5kk6oYM+rbH5OiuXHGqjl72InANqMCsRlx+wS36iMGRI4RABEk4AENGTxcuHCTE9TAlLiXk67jADCXS5pQlKIMRO6bvkHZdw0a0V56ZVnM6JaA3JaWNI9L ElJcSVqfZOp5rZ8X+5j3VnupuE/p7xiskVmJE7F+6eeZ/daoWiQFOdQ0+1ZRoRlXHjUuuu6Jubn+pSpJDQpzCfYqnhLlWzvtsa02ma1e9ZTr+pjMVq/bc5OZ4V7ekAbs/x7kIWrWq61Tdq1qlfmZGXcQBDnFM8zxBHRdooEneIR7xhGfr0pLW1Jp9ploFo9nHt2U9fACQBZK0</latexit><latexit sha1_base64="ChAxWlbd1YPKjZ2jf9Li+7U+0o0=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVZJudFl040oq2IfUIpPptA3Ni2QilNKtP+BWv 0v8A/0L74xTUIvohCRnzr3nzNx7vSTwM+k4rwVraXllda24XtrY3NreKe/utbI4T7lo8jiI047HMhH4kWhKXwaik6SChV4g2t74XMXb9yLN/Di6lpNE9EI2jPyBz5kk6oYM+rbH5OiuXHGqjl72InANqMCsRlx+wS36iMGRI4RABEk4AENGTxcuHCTE9TAlLiXk67jADCXS5pQlKIMRO6bvkHZdw0a0V56ZVnM6JaA3JaWNI9L ElJcSVqfZOp5rZ8X+5j3VnupuE/p7xiskVmJE7F+6eeZ/daoWiQFOdQ0+1ZRoRlXHjUuuu6Jubn+pSpJDQpzCfYqnhLlWzvtsa02ma1e9ZTr+pjMVq/bc5OZ4V7ekAbs/x7kIWrWq61Tdq1qlfmZGXcQBDnFM8zxBHRdooEneIR7xhGfr0pLW1Jp9ploFo9nHt2U9fACQBZK0</latexit>
amplify
<latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPE P9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHkplL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc2 08t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPE P9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHkplL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc2 08t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPE P9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHkplL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc2 08t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPE P9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHkplL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc2 08t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit>
(a)
amplify
<latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPEP9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHk plL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc208t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPEP9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHk plL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc208t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPEP9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHk plL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc208t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit><latexit sha1_base64="zoUA63NrXqyiMrXupsry0BcWjlY=">AAACynicjVHLSsNAFD3GV62vqks3wSK4Kkk3uiy6ceGign1ALTKZTuvQvJhMhFLc+QNu9cPEP9C/8M6YglpEJyQ5c+49d+bcG6ShzLTnvS44i0vLK6ultfL6xubWdmVnt50lueKixZMwUd2AZSKUsWhpqUPRTZVgURCKTjA+M/HOnVCZTOIrPUlFP2KjWA4lZ5qoDovokOHk plL1ap5d7jzwC1BFsZpJ5QXXGCABR44IAjE04RAMGT09+PCQEtfHlDhFSNq4wD3KpM0pS1AGI3ZM3xHtegUb097UzKya0ykhvYqULg5Jk1CeImxOc208t5UN+1vtqa1p7jahf1DUiojVuCX2L90s878640VjiBPrQZKn1DLGHS+q5LYr5ubuF1eaKqTEGTyguCLMrXLWZ9dqMuvd9JbZ+JvNNKzZ8yI3x7u5JQ3Y/znOedCu13yv5l/Wq43TYtQl7OMARzTPYzRwjiZa1uUjnvDsXDjKmTjTz1RnodDs4dtyHj4AN+aSMQ==</latexit>
|gi
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(b)
FIG. 2. A quantum engine converting energy into the am-
plification of a light field. (a) In the original formulation, the
engine draws heat from a hot bath, emits into the light field
and rejects extra heat into a cold bath, satisfying Carnot’s
principle. (b) Coupling the transition of interest to a gener-
alized thermal bath, we aim for the engine to extract work
from a single resource.
performance beyond the capabilities of a classical heat
machine.
As illustrated in Fig. 2(b), we consider a working
medium with a single transition at frequency ω, i.e. a
qubit with free Hamiltonian Hˆsys = ~ωσˆz/2 where σˆz is
a Pauli matrix. In the original engine design, the role
of the thermal baths was to invert the population of the
transition coupled to the light field [17, 18], thereby fa-
voring emission (amplification) over absorption (atten-
uation). Here, we achieve this inversion by employing
a flipped vacuum bath, which corresponds to a vacuum
bath T = 0 transformed according to the Pauli matrix
Uˆ = σˆx. When put into contact with the qubit, it equi-
libriates to the excited state ρˆσx,0 = |e〉〈e| while any
thermal bath would lead to at least 50% of the popula-
tion in the ground state |g〉〈g |. To complete the descrip-
tion of the quantum machine, we model the light field as
a resonant bosonic mode, e.g. a cavity field, with free
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FIG. 3. The amplifier in operation for g/γ = 10. (a) The Husimi Q representation of the light field at γt = 0 (black) and
γt = 20 (orange). The engine displaces the state away from the origin without any phase preference. (b) The average number of
photons in the light field 〈nˆ〉 increases linearly as a function of time γt. (c) The Fano factor F stabilizes to unity, corresponding
to Poissonian statistics. The insets in (b) and (c) show the time derivative of the respective quantities, indicating that the light
field reaches a steady-state regime.
Hamiltonian Hˆext = ~ω(aˆ†aˆ + 1/2) where aˆ is the anni-
hilation operator. It interacts with the working medium
via Vˆ = i~g(σˆ+aˆ − aˆ†σˆ−), which corresponds to an ex-
change of excitations.
Now that the machine is assembled, we first test nu-
merically whether light amplification takes place at all
by initializing to the ground state with an empty cavity
|g〉⊗|0〉 and letting the engine run according to the mas-
ter equation on the left of Eq. (2). In Fig. 3(a), the phase
space distribution of the light field is shown employing
the Husimi Q representation Q(α) = 〈α|ρˆext|α〉/pi where
ρˆext = Trsys[ρˆ] is obtained by tracing out the working
medium and |α〉 is a coherent state of amplitude α. The
ring obtained from the initial centered vacuum state is a
conclusive signature of the desired amplification, corre-
sponding to the state being displaced in phase space. As
the energy is extracted from a generalized thermal bath,
the system does not possess any phase reference and the
resulting light field is thus rotationally symmetric. The
statistics of the light field is further characterized in (b)
and (c), where the occupation is found to increase lin-
early in time with a Fano factor F = (〈nˆ2〉 − 〈nˆ〉2)/〈nˆ〉
reaching unity, yielding the Poissonian statistics of a co-
herent state.
The numerical results thus demonstrate that the work-
ing medium successfully leverages the single generalized
thermal bath to steadily amplify the light field. In fact,
as the master equation contains all the information on
the engine’s dynamics, we have in principle access to the
analytical description of the amplification process. How-
ever, as for the original engine of Fig. 2(a) [19] and de-
spite the working medium being simplified to a qubit,
the non-linearity of the working medium combined with
the infinite Hilbert space of the bosonic mode compli-
cate any attempt to solve the dynamics analytically. We
thus impose Poissonian statistics as an ansatz and find
that this is sufficient to characterize the steady-state op-
eration of the engine. In particular, the field occupation
nˆ = aˆ†aˆ is found to increase at a constant rate set by
the repumping of the qubit by the bath d〈nˆ〉ss/dt = γ/2,
in agreement with the inset of Fig. 3(b), while the qubit
occupation equilibriates to 〈σˆz〉ss = 0. This yields the
following energy transfers in steady-state
d〈Hˆext〉ss
dt
=
~ωγ
2
and
d〈Hˆsys〉ss
dt
= 0, (4)
where the second equation indicates that the qubit con-
verts all the energy it takes from the bath into light am-
plification.
Work cost.– We have thus identified an elementary
quantum machine capable of extracting useful ordered
energy from a single generalized thermal bath. This find-
ing is in agreement with previous studies [4, 7], and vali-
dates the usefulness of these quantum resources were they
to be sold at the service station for the same price as
their thermal counterpart. The method developed here
allows us to take an important step further and assess
whether the use of the vacuum flipped bath is thermody-
namically favorable, and possibly even beyond the reach
of any classical heat machine.
We first transform to a unitarily-equivalent representa-
tion where the bath is thermal, corresponding to the free
resource of thermodynamics. This is done via the unitary
given in Eq. (1), which reads for the present engine
Uˆ (t) = e−iωtσˆz/2σˆxeiωtσˆz/2. (5)
The change of coordinates implemented by this trans-
formation is a rotation at the qubit frequency followed
by a spin flip and the same rotation backwards. Impor-
tantly, the external system which receives the output of
the machine cannot distinguish between the two repre-
sentations, with [Uˆ (t)⊗ 1ˆ, 1ˆ⊗Oˆ] = 0 for any operator Oˆ
acting on the light field. However, following the recipe
provided in Eq. (2), we find that the coupling of the am-
plifier to the light field is now mediated by an external
coherent pump Uˆ (t)†Vˆ Uˆ (t) = i~g(σˆ−aˆe2iωt− aˆ†σˆ+e−2iωt)
on top of the thermal channel, such that Eq. (3) yields
dWcost
dt
= 2
d〈Hˆext〉
dt
ss−→ ~ωγ, (6)
where the last term corresponds to the steady-state limit.
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<latexit sha1_base64="gEFnET1rbMD2/l7wDyaTDWFhmmA=">AAADK3i cjVJNb9NAFJwaaEMLJcCxF4uoUg8o2GlIm1sElx6LRNpKcRStnY1jZf2h9bpqZfkn8U+4caha9YpUrlzhwNvFFdAKtWutPTvvzey+ffYzEeXKcc6XrAc PHy2vNB6vrj15uv6s+fzFQZ4WMuDDIBWpPPJZzkWU8KGKlOBHmeQs9gU/9BfvdfzwmMs8SpOP6jTj45iFSTSLAqaImjRnpWdMRjL0x6XTdt/2u53ea6e9 2+05vT6BTtft9LcrL2ZqLuNyWnmCJaHg3pypcq+aeIqfqJJm5UkTeOOFLI7ZH4Gtqkmz5bQdM+zbwK1BC/XYT5tn8DBFigAFYnAkUIQFGHJ6RnDhICNu jJI4SSgycY4Kq6QtKItTBiN2Qe+QVqOaTWitPXOjDmgXQVOS0sYmaVLKk4T1braJF8ZZs//zLo2nPtspff3aKyZWYU7sXbrrzPvqdC0KM+yaGiKqKTOMr i6oXQpzK/rk9l9VKXLIiNN4SnFJODDK63u2jSY3teu7ZSZ+ZTI1q9dBnVvgmz4lNdi92c7b4KDTdukf+9BtDd7VrW5gA6+wRf3cwQB72MeQvD/jO37gp /XJ+mJdWJe/U62lWvMS/wzr6y8pzreT</latexit><latexit sha1_base64="gEFnET1rbMD2/l7wDyaTDWFhmmA=">AAADK3i cjVJNb9NAFJwaaEMLJcCxF4uoUg8o2GlIm1sElx6LRNpKcRStnY1jZf2h9bpqZfkn8U+4caha9YpUrlzhwNvFFdAKtWutPTvvzey+ffYzEeXKcc6XrAc PHy2vNB6vrj15uv6s+fzFQZ4WMuDDIBWpPPJZzkWU8KGKlOBHmeQs9gU/9BfvdfzwmMs8SpOP6jTj45iFSTSLAqaImjRnpWdMRjL0x6XTdt/2u53ea6e9 2+05vT6BTtft9LcrL2ZqLuNyWnmCJaHg3pypcq+aeIqfqJJm5UkTeOOFLI7ZH4Gtqkmz5bQdM+zbwK1BC/XYT5tn8DBFigAFYnAkUIQFGHJ6RnDhICNu jJI4SSgycY4Kq6QtKItTBiN2Qe+QVqOaTWitPXOjDmgXQVOS0sYmaVLKk4T1braJF8ZZs//zLo2nPtspff3aKyZWYU7sXbrrzPvqdC0KM+yaGiKqKTOMr i6oXQpzK/rk9l9VKXLIiNN4SnFJODDK63u2jSY3teu7ZSZ+ZTI1q9dBnVvgmz4lNdi92c7b4KDTdukf+9BtDd7VrW5gA6+wRf3cwQB72MeQvD/jO37gp /XJ+mJdWJe/U62lWvMS/wzr6y8pzreT</latexit><latexit sha1_base64="gEFnET1rbMD2/l7wDyaTDWFhmmA=">AAADK3i cjVJNb9NAFJwaaEMLJcCxF4uoUg8o2GlIm1sElx6LRNpKcRStnY1jZf2h9bpqZfkn8U+4caha9YpUrlzhwNvFFdAKtWutPTvvzey+ffYzEeXKcc6XrAc PHy2vNB6vrj15uv6s+fzFQZ4WMuDDIBWpPPJZzkWU8KGKlOBHmeQs9gU/9BfvdfzwmMs8SpOP6jTj45iFSTSLAqaImjRnpWdMRjL0x6XTdt/2u53ea6e9 2+05vT6BTtft9LcrL2ZqLuNyWnmCJaHg3pypcq+aeIqfqJJm5UkTeOOFLI7ZH4Gtqkmz5bQdM+zbwK1BC/XYT5tn8DBFigAFYnAkUIQFGHJ6RnDhICNu jJI4SSgycY4Kq6QtKItTBiN2Qe+QVqOaTWitPXOjDmgXQVOS0sYmaVLKk4T1braJF8ZZs//zLo2nPtspff3aKyZWYU7sXbrrzPvqdC0KM+yaGiKqKTOMr i6oXQpzK/rk9l9VKXLIiNN4SnFJODDK63u2jSY3teu7ZSZ+ZTI1q9dBnVvgmz4lNdi92c7b4KDTdukf+9BtDd7VrW5gA6+wRf3cwQB72MeQvD/jO37gp /XJ+mJdWJe/U62lWvMS/wzr6y8pzreT</latexit><latexit sha1_base64="gEFnET1rbMD2/l7wDyaTDWFhmmA=">AAADK3i cjVJNb9NAFJwaaEMLJcCxF4uoUg8o2GlIm1sElx6LRNpKcRStnY1jZf2h9bpqZfkn8U+4caha9YpUrlzhwNvFFdAKtWutPTvvzey+ffYzEeXKcc6XrAc PHy2vNB6vrj15uv6s+fzFQZ4WMuDDIBWpPPJZzkWU8KGKlOBHmeQs9gU/9BfvdfzwmMs8SpOP6jTj45iFSTSLAqaImjRnpWdMRjL0x6XTdt/2u53ea6e9 2+05vT6BTtft9LcrL2ZqLuNyWnmCJaHg3pypcq+aeIqfqJJm5UkTeOOFLI7ZH4Gtqkmz5bQdM+zbwK1BC/XYT5tn8DBFigAFYnAkUIQFGHJ6RnDhICNu jJI4SSgycY4Kq6QtKItTBiN2Qe+QVqOaTWitPXOjDmgXQVOS0sYmaVLKk4T1braJF8ZZs//zLo2nPtspff3aKyZWYU7sXbrrzPvqdC0KM+yaGiKqKTOMr i6oXQpzK/rk9l9VKXLIiNN4SnFJODDK63u2jSY3teu7ZSZ+ZTI1q9dBnVvgmz4lNdi92c7b4KDTdukf+9BtDd7VrW5gA6+wRf3cwQB72MeQvD/jO37gp /XJ+mJdWJe/U62lWvMS/wzr6y8pzreT</latexit>
d(Qsys   hHˆsysi)/ dt
<latexit sha1_base64="vg0x2WQagoSOqN6fKjqZLchRv+0=">AAADRHic jVFda9RAFL2JX7X1Y2v1yZfgIlTQNVnT3e1b0Zc+tuC2hc2yTGan2dDJBzOT0iWE/jv/gvgDBAXfxFfxzjXFahGdkOTMufecmXtvXMpUG9//4LjXrt+4eW vl9uranbv37nfWHxzoolJcjHkhC3UUMy1kmouxSY0UR6USLIulOIxP3tj44alQOi3yt2ZZimnGkjw9TjkzSM0653VEJhOVxNPa7/nbW9vD8LnfC/vDQThC MBr0Xw3CJsqYWaisnjebBDmT9X4zi4w4M7Ve6uZFJFmeSBEtmKl3L0ciRYFnL6OEZRn75eSZZtbp4qG0vKsgaEEX2rVXdN5DBHMogEMFGQjIwSCWwEDjM4 EAfCiRm0KNnEKUUlxAA6uorTBLYAZD9gS/Ce4mLZvj3npqUnM8ReKrUOnBU9QUmKcQ29M8ilfkbNm/edfkae+2xH/cemXIGlgg+y/dReb/6mwtBo5hRDWk WFNJjK2Oty4VdcXe3LtUlUGHEjmL5xhXiDkpL/rskUZT7ba3jOKfKNOyds/b3Ao+21vigIM/x3kVHPR7gd8L9sPuzut21CvwGJ7AJs5zCDuwC3swRu+Pzp rz0HnkvnO/uF/dbz9TXafVbMBvy/3+Awx9v38=</latexit><latexit sha1_base64="vg0x2WQagoSOqN6fKjqZLchRv+0=">AAADRHic jVFda9RAFL2JX7X1Y2v1yZfgIlTQNVnT3e1b0Zc+tuC2hc2yTGan2dDJBzOT0iWE/jv/gvgDBAXfxFfxzjXFahGdkOTMufecmXtvXMpUG9//4LjXrt+4eW vl9uranbv37nfWHxzoolJcjHkhC3UUMy1kmouxSY0UR6USLIulOIxP3tj44alQOi3yt2ZZimnGkjw9TjkzSM0653VEJhOVxNPa7/nbW9vD8LnfC/vDQThC MBr0Xw3CJsqYWaisnjebBDmT9X4zi4w4M7Ve6uZFJFmeSBEtmKl3L0ciRYFnL6OEZRn75eSZZtbp4qG0vKsgaEEX2rVXdN5DBHMogEMFGQjIwSCWwEDjM4 EAfCiRm0KNnEKUUlxAA6uorTBLYAZD9gS/Ce4mLZvj3npqUnM8ReKrUOnBU9QUmKcQ29M8ilfkbNm/edfkae+2xH/cemXIGlgg+y/dReb/6mwtBo5hRDWk WFNJjK2Oty4VdcXe3LtUlUGHEjmL5xhXiDkpL/rskUZT7ba3jOKfKNOyds/b3Ao+21vigIM/x3kVHPR7gd8L9sPuzut21CvwGJ7AJs5zCDuwC3swRu+Pzp rz0HnkvnO/uF/dbz9TXafVbMBvy/3+Awx9v38=</latexit><latexit sha1_base64="vg0x2WQagoSOqN6fKjqZLchRv+0=">AAADRHic jVFda9RAFL2JX7X1Y2v1yZfgIlTQNVnT3e1b0Zc+tuC2hc2yTGan2dDJBzOT0iWE/jv/gvgDBAXfxFfxzjXFahGdkOTMufecmXtvXMpUG9//4LjXrt+4eW vl9uranbv37nfWHxzoolJcjHkhC3UUMy1kmouxSY0UR6USLIulOIxP3tj44alQOi3yt2ZZimnGkjw9TjkzSM0653VEJhOVxNPa7/nbW9vD8LnfC/vDQThC MBr0Xw3CJsqYWaisnjebBDmT9X4zi4w4M7Ve6uZFJFmeSBEtmKl3L0ciRYFnL6OEZRn75eSZZtbp4qG0vKsgaEEX2rVXdN5DBHMogEMFGQjIwSCWwEDjM4 EAfCiRm0KNnEKUUlxAA6uorTBLYAZD9gS/Ce4mLZvj3npqUnM8ReKrUOnBU9QUmKcQ29M8ilfkbNm/edfkae+2xH/cemXIGlgg+y/dReb/6mwtBo5hRDWk WFNJjK2Oty4VdcXe3LtUlUGHEjmL5xhXiDkpL/rskUZT7ba3jOKfKNOyds/b3Ao+21vigIM/x3kVHPR7gd8L9sPuzut21CvwGJ7AJs5zCDuwC3swRu+Pzp rz0HnkvnO/uF/dbz9TXafVbMBvy/3+Awx9v38=</latexit><latexit sha1_base64="vg0x2WQagoSOqN6fKjqZLchRv+0=">AAADRHic jVFda9RAFL2JX7X1Y2v1yZfgIlTQNVnT3e1b0Zc+tuC2hc2yTGan2dDJBzOT0iWE/jv/gvgDBAXfxFfxzjXFahGdkOTMufecmXtvXMpUG9//4LjXrt+4eW vl9uranbv37nfWHxzoolJcjHkhC3UUMy1kmouxSY0UR6USLIulOIxP3tj44alQOi3yt2ZZimnGkjw9TjkzSM0653VEJhOVxNPa7/nbW9vD8LnfC/vDQThC MBr0Xw3CJsqYWaisnjebBDmT9X4zi4w4M7Ve6uZFJFmeSBEtmKl3L0ciRYFnL6OEZRn75eSZZtbp4qG0vKsgaEEX2rVXdN5DBHMogEMFGQjIwSCWwEDjM4 EAfCiRm0KNnEKUUlxAA6uorTBLYAZD9gS/Ce4mLZvj3npqUnM8ReKrUOnBU9QUmKcQ29M8ilfkbNm/edfkae+2xH/cemXIGlgg+y/dReb/6mwtBo5hRDWk WFNJjK2Oty4VdcXe3LtUlUGHEjmL5xhXiDkpL/rskUZT7ba3jOKfKNOyds/b3Ao+21vigIM/x3kVHPR7gd8L9sPuzut21CvwGJ7AJs5zCDuwC3swRu+Pzp rz0HnkvnO/uF/dbz9TXafVbMBvy/3+Awx9v38=</latexit>
dWcost
dt
<latexit sha1_base64="wQZjOABfUCGzOws6210VA9DnnNQ= ">AAAC+3icjVHLSsNAFD2N73fVpZtgEVyVRERdFt24VLBWsFIm06kG82IyESXkT9y5E7f+gFvdi3+gf+GdMYVqEZ2Q5My555yZO+ MlgZ8qx3mrWCOjY+MTk1PTM7Nz8wvVxaXjNM4kF00eB7E88VgqAj8STeWrQJwkUrDQC0TLu9zT9daVkKkfR0fqJhFnITuP/J7Pm SKqU91q9yTjeTtk6kKGebcwiLMgbxWdthLXKudxqopiQGKrolOtOXXHDHsYuCWooRwHcfUVbXQRgyNDCIEIinAAhpSeU7hwkBB3h pw4Scg3dYEC0+TNSCVIwYi9pO85zU5LNqK5zkyNm9MqAb2SnDbWyBOTThLWq9mmnplkzf6WnZtMvbcb+ntlVkiswgWxf/n6yv/6d C8KPeyYHnzqKTGM7o6XKZk5Fb1ze6ArRQkJcRp3qS4Jc+Psn7NtPKnpXZ8tM/V3o9SsnvNSm+FD75Iu2P15ncPgeKPuOnX3cLPW 2C2vehIrWMU63ec2GtjHAZqUfYsnPOPFKqw76956+JJaldKzjG/DevwEBfmn/A==</latexit><latexit sha1_base64="wQZjOABfUCGzOws6210VA9DnnNQ= ">AAAC+3icjVHLSsNAFD2N73fVpZtgEVyVRERdFt24VLBWsFIm06kG82IyESXkT9y5E7f+gFvdi3+gf+GdMYVqEZ2Q5My555yZO+ MlgZ8qx3mrWCOjY+MTk1PTM7Nz8wvVxaXjNM4kF00eB7E88VgqAj8STeWrQJwkUrDQC0TLu9zT9daVkKkfR0fqJhFnITuP/J7Pm SKqU91q9yTjeTtk6kKGebcwiLMgbxWdthLXKudxqopiQGKrolOtOXXHDHsYuCWooRwHcfUVbXQRgyNDCIEIinAAhpSeU7hwkBB3h pw4Scg3dYEC0+TNSCVIwYi9pO85zU5LNqK5zkyNm9MqAb2SnDbWyBOTThLWq9mmnplkzf6WnZtMvbcb+ntlVkiswgWxf/n6yv/6d C8KPeyYHnzqKTGM7o6XKZk5Fb1ze6ArRQkJcRp3qS4Jc+Psn7NtPKnpXZ8tM/V3o9SsnvNSm+FD75Iu2P15ncPgeKPuOnX3cLPW 2C2vehIrWMU63ec2GtjHAZqUfYsnPOPFKqw76956+JJaldKzjG/DevwEBfmn/A==</latexit><latexit sha1_base64="wQZjOABfUCGzOws6210VA9DnnNQ= ">AAAC+3icjVHLSsNAFD2N73fVpZtgEVyVRERdFt24VLBWsFIm06kG82IyESXkT9y5E7f+gFvdi3+gf+GdMYVqEZ2Q5My555yZO+ MlgZ8qx3mrWCOjY+MTk1PTM7Nz8wvVxaXjNM4kF00eB7E88VgqAj8STeWrQJwkUrDQC0TLu9zT9daVkKkfR0fqJhFnITuP/J7Pm SKqU91q9yTjeTtk6kKGebcwiLMgbxWdthLXKudxqopiQGKrolOtOXXHDHsYuCWooRwHcfUVbXQRgyNDCIEIinAAhpSeU7hwkBB3h pw4Scg3dYEC0+TNSCVIwYi9pO85zU5LNqK5zkyNm9MqAb2SnDbWyBOTThLWq9mmnplkzf6WnZtMvbcb+ntlVkiswgWxf/n6yv/6d C8KPeyYHnzqKTGM7o6XKZk5Fb1ze6ArRQkJcRp3qS4Jc+Psn7NtPKnpXZ8tM/V3o9SsnvNSm+FD75Iu2P15ncPgeKPuOnX3cLPW 2C2vehIrWMU63ec2GtjHAZqUfYsnPOPFKqw76956+JJaldKzjG/DevwEBfmn/A==</latexit><latexit sha1_base64="wQZjOABfUCGzOws6210VA9DnnNQ= ">AAAC+3icjVHLSsNAFD2N73fVpZtgEVyVRERdFt24VLBWsFIm06kG82IyESXkT9y5E7f+gFvdi3+gf+GdMYVqEZ2Q5My555yZO+ MlgZ8qx3mrWCOjY+MTk1PTM7Nz8wvVxaXjNM4kF00eB7E88VgqAj8STeWrQJwkUrDQC0TLu9zT9daVkKkfR0fqJhFnITuP/J7Pm SKqU91q9yTjeTtk6kKGebcwiLMgbxWdthLXKudxqopiQGKrolOtOXXHDHsYuCWooRwHcfUVbXQRgyNDCIEIinAAhpSeU7hwkBB3h pw4Scg3dYEC0+TNSCVIwYi9pO85zU5LNqK5zkyNm9MqAb2SnDbWyBOTThLWq9mmnplkzf6WnZtMvbcb+ntlVkiswgWxf/n6yv/6d C8KPeyYHnzqKTGM7o6XKZk5Fb1ze6ArRQkJcRp3qS4Jc+Psn7NtPKnpXZ8tM/V3o9SsnvNSm+FD75Iu2P15ncPgeKPuOnX3cLPW 2C2vehIrWMU63ec2GtjHAZqUfYsnPOPFKqw76956+JJaldKzjG/DevwEBfmn/A==</latexit>
dhHˆexti
dt
=
dWcost
dt
/2
<latexit sha1_base64="3z+4UoSKK+6yAJ7SC4eCaL6mPgM=">AAADP XicjVHLSsNAFL2J9VVfVZdugkVwVRMRdCMU3bhUsK3QlDKZTtvg5MFkIi0h3+ZniBt3goK4deudMYVqEZ2Q5My555yZO+PF3E+kbT8a5lxpfmFxa bm8srq2vlHZ3GomUSooa9CIR+LGIwnjfsga0pec3cSCkcDjrOXdnqt6646JxI/CazmOWScgg9Dv+5RIpLqVkdsXhGZuQORQBFkvdzkJB5y5QyKzi 7zrSjaSGb65K3Qhn9JaMj+d8StECc9aEzONEpn/sB0cditVu2brYc0CpwBVKMZlVHkAF3oQAYUUAmAQgkTMgUCCTxscsCFGrgMZcgKRr+sMciijN0 UVQwVB9ha/A5y1CzbEucpMtJviKhxfgU4L9tAToU4gVqtZup7qZMX+lp3pTLW3Mf69IitAVsIQ2b98E+V/faoXCX040T342FOsGdUdLVJSfSpq59 ZUVxITYuQU7mFdIKbaOTlnS3sS3bs6W6LrL1qpWDWnhTaFV7VLvGDn53XOguZhzbFrztVRtX5WXPUS7MAu7ON9HkMdLuASGpj9ZJSMNWPdvDefzT fz/UtqGoVnG74N8+MTkY3CdQ==</latexit><latexit sha1_base64="3z+4UoSKK+6yAJ7SC4eCaL6mPgM=">AAADP XicjVHLSsNAFL2J9VVfVZdugkVwVRMRdCMU3bhUsK3QlDKZTtvg5MFkIi0h3+ZniBt3goK4deudMYVqEZ2Q5My555yZO+PF3E+kbT8a5lxpfmFxa bm8srq2vlHZ3GomUSooa9CIR+LGIwnjfsga0pec3cSCkcDjrOXdnqt6646JxI/CazmOWScgg9Dv+5RIpLqVkdsXhGZuQORQBFkvdzkJB5y5QyKzi 7zrSjaSGb65K3Qhn9JaMj+d8StECc9aEzONEpn/sB0cditVu2brYc0CpwBVKMZlVHkAF3oQAYUUAmAQgkTMgUCCTxscsCFGrgMZcgKRr+sMciijN0 UVQwVB9ha/A5y1CzbEucpMtJviKhxfgU4L9tAToU4gVqtZup7qZMX+lp3pTLW3Mf69IitAVsIQ2b98E+V/faoXCX040T342FOsGdUdLVJSfSpq59 ZUVxITYuQU7mFdIKbaOTlnS3sS3bs6W6LrL1qpWDWnhTaFV7VLvGDn53XOguZhzbFrztVRtX5WXPUS7MAu7ON9HkMdLuASGpj9ZJSMNWPdvDefzT fz/UtqGoVnG74N8+MTkY3CdQ==</latexit><latexit sha1_base64="3z+4UoSKK+6yAJ7SC4eCaL6mPgM=">AAADP XicjVHLSsNAFL2J9VVfVZdugkVwVRMRdCMU3bhUsK3QlDKZTtvg5MFkIi0h3+ZniBt3goK4deudMYVqEZ2Q5My555yZO+PF3E+kbT8a5lxpfmFxa bm8srq2vlHZ3GomUSooa9CIR+LGIwnjfsga0pec3cSCkcDjrOXdnqt6646JxI/CazmOWScgg9Dv+5RIpLqVkdsXhGZuQORQBFkvdzkJB5y5QyKzi 7zrSjaSGb65K3Qhn9JaMj+d8StECc9aEzONEpn/sB0cditVu2brYc0CpwBVKMZlVHkAF3oQAYUUAmAQgkTMgUCCTxscsCFGrgMZcgKRr+sMciijN0 UVQwVB9ha/A5y1CzbEucpMtJviKhxfgU4L9tAToU4gVqtZup7qZMX+lp3pTLW3Mf69IitAVsIQ2b98E+V/faoXCX040T342FOsGdUdLVJSfSpq59 ZUVxITYuQU7mFdIKbaOTlnS3sS3bs6W6LrL1qpWDWnhTaFV7VLvGDn53XOguZhzbFrztVRtX5WXPUS7MAu7ON9HkMdLuASGpj9ZJSMNWPdvDefzT fz/UtqGoVnG74N8+MTkY3CdQ==</latexit><latexit sha1_base64="3z+4UoSKK+6yAJ7SC4eCaL6mPgM=">AAADP XicjVHLSsNAFL2J9VVfVZdugkVwVRMRdCMU3bhUsK3QlDKZTtvg5MFkIi0h3+ZniBt3goK4deudMYVqEZ2Q5My555yZO+PF3E+kbT8a5lxpfmFxa bm8srq2vlHZ3GomUSooa9CIR+LGIwnjfsga0pec3cSCkcDjrOXdnqt6646JxI/CazmOWScgg9Dv+5RIpLqVkdsXhGZuQORQBFkvdzkJB5y5QyKzi 7zrSjaSGb65K3Qhn9JaMj+d8StECc9aEzONEpn/sB0cditVu2brYc0CpwBVKMZlVHkAF3oQAYUUAmAQgkTMgUCCTxscsCFGrgMZcgKRr+sMciijN0 UVQwVB9ha/A5y1CzbEucpMtJviKhxfgU4L9tAToU4gVqtZup7qZMX+lp3pTLW3Mf69IitAVsIQ2b98E+V/faoXCX040T342FOsGdUdLVJSfSpq59 ZUVxITYuQU7mFdIKbaOTlnS3sS3bs6W6LrL1qpWDWnhTaFV7VLvGDn53XOguZhzbFrztVRtX5WXPUS7MAu7ON9HkMdLuASGpj9ZJSMNWPdvDefzT fz/UtqGoVnG74N8+MTkY3CdQ==</latexit>
dQsys
dt
ss !  dWcost
dt
/2
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FIG. 4. Half of the work investment dWcost/dt is used to
amplify the light field (green) while the other half is lost to the
qubit (blue). Once the engine enters the steady-state regime,
this latter part is exclusively dissipated as heat to the vacuum
bath. The graph shows the energy flows as a function of time
γt for the same parameters as in Fig. 3. Their sum (black)
vanishes, satisfying the first law of thermodynamics, and the
steady-state values agree with Eqs. (4) and (7).
That the task performed by the quantum machine re-
lies on a work investment is not necessarily a downside,
as the benefits in terms of heat extraction may still very
well pay off. Regrettably, the cost here is twice the energy
received by the light field. The origin of this rather in-
efficient work-to-work conversion is manifest in this rep-
resentation: half of the drive’s input energy is used to
excite the qubit via aˆ†σˆ+e−2iωt. The qubit then relaxes
to the ground state |g〉 by releasing the excitation into
the vacuum bath, thereby favoring amplification over at-
tenuation σˆ−aˆe2iωt. Incidentally, this very same dissipa-
tive process is the reason for the significant wastage of
the work investment. This understanding is confirmed
by looking explicitly at the heat transfer from the qubit
to the thermal bath
dQsys
dt
= Tr
[
HˆsysL0 [ρˆ]
]
= −~ωγ
2
(1 + 〈σˆz〉) ss−→ −~ωγ
2
,
(7)
which completes the thermodynamics analysis of the en-
gine. As illustrated in Fig. 4, half of the work invest-
ment indeed flows to the qubit, and is entirely rejected
as wasted heat once the system operates in the steady-
state regime.
Our results thus imply that the use of a single gen-
eralized thermal bath to power the amplifier is indeed
complying with the rules of thermodynamics, with the
machine of Fig. 2(b) performing a conversion of work into
work and heat. This insight suggests that a more efficient
use of the work source may be available for the task at
hand. For instance, the access to a resonant laser drive
would allow to directly pump the cavity mode, thereby
profiting from all the pump power without wasting any
of it as heat.
Conclusion.– We have identified the work cost of em-
ploying any generalized thermal bath. By mapping the
dissipative coupling to the original thermal channel, our
universal method allows to bring these out-of-equilibrium
resources back to the realm of thermodynamics, where
any ordering of the energy requires a work source.
Revisiting one of the oldest quantum heat machines
aimed at amplifying light, we showed that the possibility
to run the engine on a single bath does not contradict the
laws of thermodynamics. We also found that a significant
part of the work investment is rejected as heat.
Our results highlight that generalized thermal baths
can be useful when their work cost is not an issue. How-
ever, when aiming to reduce the amount of heat gener-
ated by an engine, a direct access to the work supply may
allow for a more efficient use of energy.
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